Upgrading waste heat by compression resorption heat pumps (CRHP) has the potential to make a strong impact in industry. The efficiency of CRHP can be further improved by using alternative working fluids. In this work, the addition of carbon dioxide to aqueous ammonia solutions for application in CRHP is investigated. The previously published thermodynamic models for the ternary mixture are evaluated by comparing their results with experimental thermodynamic data, and checking their advantages and disadvantages. Then the models are used to investigate the impact of adding CO 2 to NH 3 -H 2 O in wet compression resorption heat pump applications. For an application where a waste stream is heated from 60 to 105 C, a COP increase of up to 5% can be attained by adding CO 2 to the ammonia-water mixture, without any risk of salt formation. Additional advantages of adding CO 2 to the ammonia-water mixture in that case are decreased pressure ratio, as well as an increase in the lower pressure level. When practical pressure restrictions are considered the benefits of the added CO 2 become even larger or around 25% increase in the COP. Nonetheless, when the waste stream was considered to be additionally cooled down, no significant benefits were observed.
Enhanced performance of wet compression-resorption heat pumps by using NH 3 
Introduction
One of the measures of the European Council to reduce greenhouse gas emissions is to improve energy efficiency [10] . In Europe industry is responsible for approximately a quarter of the total energy consumption [11] . Integration of heat pumps in the process industry has the potential to drastically reduce energy requirements for many applications [22] . Studies have for example shown that significant energy savings can be achieved with integration of heat pumps with distillation columns [21, 28, 38, 47] . However, the use of industrial heat pumps is still quite limited. According to the International Energy Agency (IEA) one of the main reasons is long payback periods [13] . By increasing the efficiency of industrial heat pumps the payback period can hopefully be decreased.
The goal of heat pumps is to transfer heat from low to high temperature. The coefficient of performance (COP) is therefore evaluated by the ratio of heat delivered by the heat pump to the work required to deliver that heat [30] . Traditional heat pumps have four components; compressor, condenser, expansion valve and evaporator, see Fig. 1 . A compression resorption heat pump (also known as hybrid HP) has a resorber and a desorber instead of the condenser and evaporator. It takes advantage of thermo-chemical sorption processes, and it can achieve high temperature levels and lifts, with a relatively high coefficient of performance (COP). The benefits of CHRP are related to the use of environmentally-friendly refrigerants that can contribute to the improvement of the performance. Specifically for industrial heating processes with large temperature glides CHRP allows energy performance gains of more than 20% as compared to vapor compression heat pumps (VCHP) [46] . The use of a mixture allows lower pressure levels, and condensation and evaporation at gliding temperatures e which can result in higher efficiency. Wet compression has the effect of suppressing vapor superheating, and it can also improve the heat pump efficiency. Ammonia-water mixtures can be used as efficient working fluids in CHRP, showing a number of advantages: higher COP because of the use of non-isothermal phase transition of the mixture in the heat exchangers at constant pressure; the mixture allows the achievement of high temperature operation at relatively low operating pressures; the cycle can be designed to show a temperature glide in the resorber that corresponds to the temperature glide of the industrial flow that has to be heated.
Recently, van de Bor and Infante Ferreira [44] proposed a simplified method for the selection of industrial heat pumps taking the major thermodynamic losses into account, and concluded that in the presence of large temperature glides of process stream that needs to be heated, compression resorption heat pumps (CRHP) lead to significant advantages compared to other heat pump technologies. van de Bor et al. [46] have investigated the potential of several alternative technologies to recover low temperature waste heat. The study focused on temperature levels of 45e60 C since large amounts of (waste) heat are rejected to the environment at these conditions. Wet compression resorption heat pump using ammonia-water as the working fluid shows the best performance in comparison to other alternatives when water is heated up from 60 C to 105 C [46] . Recently Jensen et al. [17, 18] have extensively studied the technical and economic domains of CRHPs based on the Osenbrück cycle. The wet CRHPs considered in this paper are different since the whole process takes place in the two phase region.
The absorption of carbon dioxide in aqueous ammonia has been proposed in the past years as an improved carbon capture technology. Preliminary studies by Asbroek and Rexwinkel [40] have indicated that this ternary mixture may also lead to positive effects when applied to compression resorption cycles. In the past several working fluids (fluids that circulate through the thermodynamic cycle and transmit energy) have been investigated for application in CRHP [15, 48] however this ternary mixture has not been previously proposed. This is actually the motive for the present investigation.
To further investigate the performance of the CRHP with NH 3 -CO 2 -H 2 O mixture as a working fluid an accurate thermodynamic model is needed, as the solid base of any process simulation is represented by the physical properties models. Missing or inadequate physical properties can undermine the accuracy of a model or even prevent one from performing the simulation [4] . Different thermodynamic models have been used and developed for calculating the thermodynamic properties of NH 3 -CO 2 -H 2 O. These models are normally activity coefficient models for the liquid phase and an equation of state (EOS) for the vapor phase calculations. The activity coefficient models that have been most commonly used are electrolyte models such as: the Pitzer model [24] , the extended UNIQUAC model originally developed by Thomsen and Rasmussen [41] and the more commonly used e-NRTL model proposed by Chen et al. [5] . Darde et al. [8] compared a built in e-NRTL model from Aspen Plus to an upgraded version of the extended UNIQUAC model described by Darde et al. [9] . Their findings were that the extended UNIQUAC model generally performed better than the e-NRTL model from Aspen Plus, especially for the partial pressure of NH 3 and the solubility of ammonium bicarbonate. Darde [7] mentions that if the binary interaction parameters were better fitted to experimental data for NH 3 -CO 2 -H 2 O mixture, the e-NRTL model might become more competitive compared to the extended UNI-QUAC model. Since then, the e-NRTL model has been modified in this way by a couple of authors, including Refs. [32, 36] . Both of their adjusted models have been used by other authors, for process modeling. For example Zhang and Guo [50] used the model with adjusted parameters from Refs. [27, 32] used the modified model from Que and Chen [36] .
The extended UNIQUAC model has previously not been compared to the modified model from Que and Chen [36] over a large range of operating conditions. Therefore, in this paper these models are compared together to see if a modified e-NRTL model can perform with similar accuracy as the extended UNIQUAC model. The e-NRTL models that are built into Aspen Plus are used as a reference. Additionally a new fit of the e-NRTL model was developed with an extended application range to be able to more accurately evaluate the impact of added CO 2 to ammonia water in CRHPs. These thermodynamic models are used to predict the COP of wet CRHP systems which operate under conditions similar to the conditions investigated by van de Bor et al. [46] . The set of equations proposed in that paper to predict the cycle performance has been used to determine the different state conditions when the ternary mixture is used instead of ammonia-water. The results are compared with the performance of the ammonia-water system so that the advantages of the ternary mixture become evident.
Summarizing, this study investigates the effect of adding CO 2 to the working fluid of wet compression resorption heat pumps which work with ammonia-water. For this purpose, first the thermodynamic properties of the ternary mixture NH 3 -CO 2 -H 2 O are investigated by comparing the extended UNIQUAC model with modified and improved e-NRTL models over a large range of operating conditions. These models, especially e-NRTL models, have been the most commonly used models for the thermodynamic properties of the NH 3 -CO 2 -H 2 O mixture in literature. Additionally a new fit is made to further improve the e-NRTL model (extend its application range). Then these properties are used to predict the performance of the mixture when applied in wet CRHP making use of a model that takes into account the major irreversibility's of the cycle: driving forces for heat transfer and deviation from isentropic compression. A case relevant for the process industry is investigated: bringing waste stream to temperature above 100 C. The results indicate promising enhancement for the COP, pressure ratio, and the pressure levels for certain applications. This solution has therefore the potential to make a strong impact in the industry; increasing the energy efficiency of many processes and in that way reducing emissions.
Thermodynamic property models
In the next subsections the extended UNIQUAC and the e-NRTL models are described in more detail, covering their applicability ranges as well as their benefits and drawbacks.
Extended UNIQUAC model
The extended UNIQUAC model was developed by Thomsen and Rasmussen [41] . The model uses the extended UNIQUAC model to calculate activity coefficients for the liquid phase and the SoaveRedlich-Kwong (SRK) EOS for vapor phase calculations. The model was further developed and described by Darde et al. [9] and implemented as a FORTRAN subroutine in Aspen Plus by MariboMogensen [29] . The original model describes accurately the thermodynamic properties of the NH 3 -CO 2 -H 2 O mixture for ammonia concentrations up to 80 molal NH 3 (80 mol NH 3 per kg solvent, which is water in this case), temperature of 0e110 C and pressure up to 10 MPa Darde, [7] . The newer version of the model describes the thermodynamic properties accurately up to 150 C. Additionally the model parameters have been fitted to more experimental data to increase accuracy. The deviation of the experimental data and the model are in general less than 10% except for pressure data at temperatures around and above 100 C where they are slightly higher. The extrapolation of equilibrium constants into the supercritical range was also improved using Henry's law instead of the Gibbs-Helmholtz equation. The chemical equilibria that are taken into account in the model are the following. 
e-NRTL model
The e-NRTL model (electrolyte Non Random Two Liquid) is built into the Aspen Plus software [3] . In this study, version 8.8 of Aspen Plus is used. A data package for NH 3 -CO 2 -H 2 O mixture using the e-NRTL method and the Redlich-Kwong (RK) EOS for the vapor phase is included in the software. This model will be called e-NRTL1 from here on. A modified version of the model and the one that Darde et al. [8] used for their comparison are included in a carbon capture example Aspen Physical Property System [1] also included in the Aspen Plus v8.8 software. Additionally this model (called here e-NRTL2) has been regressed to vapor-liquid equilibrium (VLE), solidliquid equilibrium (SLE), speciation and heat capacity data.
The thermodynamic model proposed by Que and Chen [36] is included in another carbon capture example available in the Aspen Plus software [2] . The main difference between that model and the e-NRTL2 model is that the PC-SAFT (Perturbed Chain Statistical Association Fluid Theory) EOS is used for vapor phase calculations instead of the RK EOS and the model parameters have been fitted to more experimental data. As mentioned in the introduction, the e-NRTL model has also been modified by other authors like Niu et al. [32] . The model modified by Que and Chen [36] was however chosen since more experimental data are used for data regression of the model parameters. The model by Que and Chen [36] is reported to be accurate for systems with temperatures up to 473 K, pressures up to 7 MPa, NH 3 concentration up to 30 wt%, and CO 2 loading (molar ratio between CO 2 and NH 3 ) up to unity. The average relative deviations between the experimental data and the model results were reported to be lower than 5% for the pressure, NH 3 and CO 2 composition.
In the e-NRTL model, only the formation of ammonium bicarbonate (NH 4 HCO 3 ) is considered for SLE and not ammonium carbonate ((NH 4 )2CO 3 $H 2 O), ammonium carbamate (NH 2 COONH 4 ) and ammonium sesqui-carbonate ((NH 4 )2CO 3 $2NH 4 HCO 3 ). However, researchers have shown that ammonium bicarbonate is dominant in the total amount of ammonium salts once the CO 2 absorption reaches steady state [20, 33] . Therefore the e-NRTL model might still be a good option. However since no solid formations are wanted in the CRHP, since they will cause blockage in the system components, further investigation of this point is needed.
These versions of the e-NRTL models are compared to the extended UNIQUAC model as well as a new fit in the following section, where it is demonstrated that the model developed by Que and Chen [36] shows satisfactory results except for SLE at temperatures above 50 C and for high ammonia concentrations (the reported maximum limit is 30 wt% NH 3 ). The new fit is therefore based on the model from Que and Chen [36] except the e-NRTL model binary interaction parameters t 1;ij -see equation (14) associated with the major species of the electrolyte. That is during the fitting procedure the initial values of the interaction parameters where the ones developed by Que and Chen [36] and then they were refitted to additional SLE and VLE ternary NH 3 -CO 2 -H 2 O experimental data. The application range of the new fit is therefore similar to the model from Que and Chen [36] as well as it should give a better indication for higher ammonia concentrations (above 30 wt%). As explained by Que and Chen [36] the e-NRTL model requires a non-randomness factor a ij and asymmetric binary interaction energy parameters t ij calculated with the next equation:
where i and j stand for the components, either ionic species, water, ammonia or carbon dioxide. An overview of the experimental data is listed in Table 1 and the refitted parameters are listed in Table 2 .
Comparison of thermodynamic property models
The selected model should be able to describe the VLE, the SLE, speciation and enthalpy change over a large range of temperatures and concentrations of NH 3 and CO 2 to be able to accurately simulate an NH 3 -CO 2 -H 2 O heat pump system. Comparison of the models mentioned previously, are discussed in the following sections.
Vapor-liquid equilibrium
The partial bubble point pressures of CO 2 and NH 3 versus the molality of CO 2 based on the different models and the new fit are compared for different temperatures in Fig. 2 . Additionally the VLE experimental data from Shen [39] and Yanagisawa et al. [49] are compared to the model results from Que and Chen [36] ; the extended UNIQUAC model and the new fit in Fig. 6 .
The e-NRTL1 model is generally inaccurate at high temperatures and high loadings, as previously reported by Darde [7] . The e-NRTL2 model is in most cases an improvement from the e-NRTL1 model, but it generally underestimates the partial bubble point pressure of NH 3 , as well as inaccurately portrays the CO 2 pressure at high loadings at 20 and 40 C. The model by Que and Chen [36] ; the new fit and the extended UNIQUAC model quite accurately portray the partial pressures at low molalities of NH 3 . Jilvero et al. [19] even reported that the model by Que and Chen [36] fits their experimental data of CO 2 partial bubble point pressures, for 10e40 C, even more accurately than the extended UNIQUAC model. At higher molalities of NH 3 the models start to underestimate the pressure as can be seen most clearly from Figs. 4 and 6. As mentioned before the limit of the model by Que and Chen [36] is reported to be 30 wt % NH 3 (approximately 24 molal NH 3 ). The limit of the original extended UNIQUAC model was reported by Darde [7] as 80 molal NH 3 . The newer version of the model that Darde [7] uses is however refitted with data that does not come close to that limit. And it is quite clear, especially from Fig. 6 , that the newer model under predicts the pressure at concentrations above approximately 30 wt % NH 3 . The new fit corresponds most accurately to the experimental data at these higher concentrations.
Solid-liquid equilibrium
The comparison of the models for solubility of ammonium bicarbonate (NH 4 HCO 3 ) in water versus temperature is shown in Fig. 7 . The models are compared to experimental data from Refs. [16, 43] and Toporescu [42] . Assuming that the experimental data from Janecke [16] is accurate, the extended UNIQUAC models, as well as the new fit are the most accurate at high temperatures or above approximately 50 C. At higher temperatures, the e-NRTL2 and the model proposed by Que and Chen [36] overestimate the solubility of NH 4 HCO 3 . The e-NRTL1 model, similar to the trend seen from the VLE data, deviates from the experimental data at high temperatures and high loadings, in this case around 70 C. In the 6 . Comparison of the experimental data from Shen [39] and Yanagisawa et al. [49] for bubble point pressure with the model correlations.
case of e-NRTL2 and the model from Que and Chen [36] the reason for this difference can be easily explained since the experimental data used for the regression for both models was the one from Trypuc and Kielkowska [43] . The experimental data from them reaches to temperatures of 50 C. Also their value at 50 C is slightly higher than the one from Janecke [16] and Toporescu [42] . Since more experimental data at high temperatures was not found in literature it is questionable which of the data sets corresponds best to reality. Additionally in practice for the CRHP application the concentration of NH 3 and CO 2 is unlikely to come close to the concentration necessary for ammonium bicarbonate formation at high temperatures. For example the reported concentration by Janecke [16] of CO 2 at approximately 60 C is around and above 30 wt% (depending on the NH 3 concentration). The data from Trypuc and Kielkowska [43] suggest that this limit might be even higher and therefore either model should give satisfying results if the application concentration does not reach this limit.
Speciation
Comparison of speciation calculations of the models and experimental data from Lichtfers [26] is shown in Figs. 8 and 9 . All the models are able to quite accurately describe the speciation at both temperatures (60 and 120 C, respectively) except the e-NRTL2 model. The e-NRTL2 model overestimates the concentration of ammonia and bicarbonate and underestimates the carbamate concentrations. In the two previous subsections, the e-NRTL2 model was in general an improvement of the original model (e-NRTL1). This shows the importance of using a wide range of experimental data for parameter fitting for the NH 3 -CO 2 -H 2 O system.
Enthalpy change
In Figs. 10e12 the models are compared to experimental data from Rumpf et al. [37] for enthalpy change upon partial evaporation of the NH 3 -CO 2 -H 2 O mixture. The temperature range of the experiments was from 40 to 137 C with a typical temperature increase of 5e15 C. The concentration range for NH 3 was up to 12 molal and up to 6 molal for CO 2 . The reported temperatures and pressures from Rumpf et al. [37] are used to calculate the inlet enthalpy. At the outlet however the reported vapor fraction is used instead of the pressure since the accuracy of the weight of the liquid and vapor part is higher than that of the measured pressure. All correlations show good matches to the experimental data, on average the deviation is less than 3%, with the only exception of two points for the e-NRTL1 correlation. These two points were at the highest reported temperature and CO 2 loading. This deviation corresponds to the previous shown results of VLE and SLE data.
Application of NH 3 -CO 2 -H 2 O mixture to wet compression resorption heat pump

Model of compression-resorption heat pump
The process for the compression-resorption heat pump is presented in the temperature-enthalpy diagram illustrated in Fig. 13 van de Bor et al. [46] . Fig. 13 gives a representation of the cycle, where T 3 is fixed at the waste stream inlet temperature (for Fig. 10 . Comparison of the experimental data from Rumpf et al. [37] for heat of partial evaporation: (left) Que and Chen [36] and (right) e-NRTL1 correlations. Fig. 11 . Comparison of the experimental data from Rumpf et al. [37] for heat of partial evaporation: (left) extended UNIQUAC and (right) e-NRTL2 correlations. Fig. 12 . Comparison of the experimental data from Rumpf et al. [37] for heat of partial evaporation and the e-NRTL new fit correlation. Fig. 13 . Typical temperature-enthalpy diagram for compression-resorption heat pumps. Position 1 indicates the process conditions after the desorber, 2 indicate the conditions at the outlet of the compressor, 3 indicates the conditions at the outlet of the resorber and 4 indicates the conditions after the expansion valve [46] . instance 60 C) plus 5 K driving force, while T 1 is fixed at the waste stream inlet temperature minus 5 K driving force. The desorber and resorber are additionally divided into 100 control volumes to ensure that the pinch temperature does not become smaller than 5 K. The isentropic efficiency of the compressor is assumed 70%. Infante Ferreira et al. [14] have reported experimental data for wet compression of ammonia-water and have obtained isentropic efficiency up to 35% with a prototype screw compressor. It is expected that further improvement of such compressor will allow for efficiencies of 70% and higher. The optimal vapor quality at the outlet of the compressor for wet compression was investigated by van de Bor et al. [45] for 50 different industrial cases. The optimal solution is to have saturated vapor at the compressor outlet. Therefore for the wet compression cycle, P 1 is initially guessed, from which h 1 , s 1 , h 2s , and h 2 are calculated, while P 1 is iterated until h 2 matches the value for saturated vapor at P 2 . For convenience, a summary of equations used to determine the COP of compression resorption heat pumps is given in Table 3 . Note that, for what concerns ammonia-water, the model was developed using NIST RefProp version 9.1 [25] . For the NH 3 -CO 2 -H 2 O calculations the extended UNIQUAC [9] , the modified model by Que and Chen [36] and the new fit based on their model are used.
Operating conditions of the reference heat pump
The case considered concerns the heating of a water waste stream flow from 60 C to 105 C while part of the stream is cooled down in the desorber. The flow is assumed to be sufficient to achieve the desired temperature levels. Fig. 1 illustrates the situation. In the first example the focus is only on heating (with a temperature lift of 55 K), while in the second example this case is expanded to consider additionally that the waste stream is partly cooled down from 60 C to 15 C.
Comparison of cycle performance 4.3.1. Heating case
The benefits of adding CO 2 to the ammonia-water mixture of the case where a waste stream is heated from 60 C to 105 C are illustrated in Figs. 14 and 15 and an example of the cycle calculations results are listed in Tables 4 and 5 . The observed trend in the cycle performance with an ammonia water mixture is that an optimum exists when the working fluid temperature glide is fitted to the heat sink rather than the heat source. This same trend was observed by van de Bor et al. [45] where 50 industrial cases were investigated. This optimum is in this case for an ammonia weight fraction of 19.1%. When CO 2 is added the ammonia concentration has to be increased to achieve the optimum cycle performance. For example, at 20 wt% CO 2 the NH 3 concentration is 31.2% according to the calculations with the extended UNIQUAC model and 24.6% with the model from Que and Chen [36] ; see Table 4 . Fig. 14 plots the COP versus the CO 2 weight fraction. The models show the same trend: the COP increases with increased CO 2 concentration. However, the extended UNIQUAC model predicts salt formation (ammonium carbonate) around 18 wt% CO 2 in the stream after the valve (at the lowest temperature in the cycle). At this point the increase in COP reduces. In practice, any salt formation is unwanted in the cycle since it will eventually cause a blockage. The modified e-NRTL models predict no salt formation until above 35 wt% CO 2 . As mentioned earlier the e-NRTL models only predict if there is a formation of ammonium bicarbonate. If there is indeed ammonium carbonate forming this shows a clear advantage of the extended UNIQUAC model over the e-NRTL models. The increase in COP with added CO 2 before any salt formation is predicted is around 5%. A traditional VCHP operating with ammonia would have a COP around 4 in this case. The improvement of a CRHP operating with ammonia and water is already around 30% and with the addition of CO 2 the improvement comes close to 40%. Assuming a compressor efficiency of 70% will be attainable.
The pressure ratio is plotted versus the CO 2 weight fraction in Fig. 15 and the absolute pressure results are listed in Table 4 . From the figure and the table it is clear that the benefits of adding CO 2 is not only the increase in COP, but also the pressure ratio decreases and the lower pressure level increases. For the ammonia-water case the lower pressure level is about 0.2 bar for the optimum case, which can be difficult to achieve in practice. The pressure can be increased at higher ammonia concentration, but then the COP decreases. The benefits of the added CO 2 can be even greater if there are any pressure restrictions of the lower pressure level. Table 3 Equations used to model the CRHP. Fig. 16 plots the COP versus the CO 2 weight fraction when the pressure level is restricted from 0.3 bar (shaft seal requirements limitation) to 25 bar (equipment cost limitation), a pressure range which is more easily reached in practice. The higher pressure restriction is included since another local optimum exists when the temperature glide is fitted to the heat source rather than the heat sink. This local optimum is found at higher ammonia weight fraction where the pressure levels become way higher which would require specialized and more expensive equipment. From Fig. 17 it is clear that the benefits of the added CO 2 are now much larger. It should be noted that the ammonia weight fraction is around and above 30 wt%, see Table 4 , and therefore the modified model by Que and Chen [36] and the extended UNIQUAC model are reaching their limits. The new fit estimates an improvement of 25% in the COP compared to the ammonia water system before the extended UNIQUAC model predicts solid formations (around 18 wt% CO 2 ).
When CO 2 is added to the ammonia-water mixture the heat exchanger area decreases for the same heat output for the optimized case. The pressure ratio and electricity cost are also lower therefore the payback period should be shorter than for a CRHP operating with ammonia-water.
In the case where the lower pressure is restricted the area increases slightly with added CO 2 . The reason is that the temperature difference in the resorber is smaller with the added CO 2 which means that the needed heat transfer area is larger. However the decrease in pressure ratio and the increase in COP are even higher in this case. Therefore the payback period should still be shorter in this case compared to an CRHP operating with ammonia-water.
The corrosion risk might however increase with the added CO 2 . In water -CO 2 system the largest cause for corrosion is carbonic acid, H 2 CO 3 [6] . With enough ammonia included, as is the case here, this acid should however not be formed. Also according to Krzemie n et al. [23] the main causes for corrosion in amine-based CO 2 capture processes are oxidizing acid species like NO x and SO x and heavy metals in the amine solution. Therefore the risk of corrosion for this mixture might be comparable to that of ammonia-water. Further investigation is however needed to confirm this.
Additional cooling case
The same case is now considered except that now an extra cooling demand is assumed. That is the waste water stream is assumed to be partly cooled down to 15 C. Since the same heat sink is assumed the optimum ammonia weight fraction is still 19.1%, for an ammonia water mixture, and the acquired COP is 3.58. However to reach the required cooling demand the lower pressure level is significantly lower or around 0.057 bar. This pressure level is quite difficult to reach in practice. If the lower pressure level is restricted to 0.3 bar the necessary ammonia weight fraction increases to 40 wt% NH 3 and the COP decreases to 2.97. However in that case the temperature glide of the ammonia water mixture is of course not fitted optimally to the heat sink. In this case the optimal weight fraction will actually become 91.1 wt% NH 3 which results in a COP of 3.29, in this case the temperature glide of the ammonia water mixture is fitted to the heat source rather than the heat sink. Adding CO 2 will not be beneficial with an ammonia weight fraction this high, since there is not enough water. This is therefore not the optimal application case for adding CO 2 , it is however interesting to test the boundaries of the models and to investigate the potential benefits of added CO 2 . Fig. 17 plots the COP versus the CO 2 weight fraction when it is assumed that there are no limits to the lower pressure level. In this case the models all predict a decrease in the COP with added CO 2 and additionally the pressure ratio increases. This is likely due to the fact that the temperature glide of the NH 3 -CO 2 -H 2 O mixture does not fit as well to the temperature glide in the desorber as that of the ammonia water mixture (see Fig. 18 ). Fig. 19 plots the COP versus the CO 2 weight fraction when there is a 0.3 bar limit for the lower pressure level and an example of the cycle calculations results are listed in Tables 6 and 7 with and without pressure limits. The models from Que and Chen [36] and the new fit show similar results as before, that is there is hardly any improvement of the cycle performance with added CO 2 . In contrast, the extended UNIQUAC model in this case shows an improvement of the COP. However as was shown in section 3.1 the model does not accurately predict experimental data for these ammonia weight fractions (approximately 50 wt% NH 3 ). It is therefore highly unlikely that the model results are accurate. However it can give an indication of the formation of solids. For the present condition, the model predicts ammonium carbonate formation before 10 wt% of CO 2 . This is not surprising since now the lowest temperature level in the cycle is lower than for the case when only heating is considered. It should be noted that also for conventional heat pumps the simultaneous delivery of hot and cold output leads to higher pressure ratios and very low COPs. For instance, a butane heat pump would require a pressure ratio of 12.4 and have a COP of only 1.8. Therefore an CRHP operating with ammonia water mixture can already improve the process significantly.
Results analysis and discussion
The comparison of the thermodynamic models shows that the [36] as well as to give a better indication for higher ammonia concentrations (above 30 wt%). However, ammonium bicarbonate is, as mentioned before, the only solid formation that is predicted by the e-NRTL models. The NH 3 -CO 2 -H 2 O mixture shows great potential for certain CRHP applications (e.g. heating only). As was shown with the cooling case, not all applications will benefit significantly from adding CO 2 . Each potential application case should therefore be investigated beforehand. A known fact is that there is a larger chance of solid formations at lower temperature levels and the potential benefits of adding CO 2 will therefore be smaller. It should also be noted that the calculations were pushing the reported limits of the models, around and above 30 wt% NH 3 . Also the available experimental data in this range is limited and the data sets are not consistent. Therefore it is difficult to evaluate the error of the predicted COP with the added CO 2 . Therefore experiments to confirm the potentials of the mixture are planned in the near future. These first experiments will test the CRHP cycle, except for the desorber, with ammonia-water as well as NH 3 -CO 2 -H 2 O as working fluids.
Conclusions
From the model comparison it is clear that the modified e-NRTL models are in general an improvement of the original model. The model modified by Que and Chen [36] and the new proposed fit are especially compatible with the Extended UNIQUAC model for ammonia concentrations below 30 wt%. The exception is the SLE. All models additionally under predict the pressure at higher ammonia concentrations. The new fit that was developed to include experimental data at higher concentrations fits the data with comparable or higher accuracy than the other models. However since there is a risk of formation of other solids than ammonium bicarbonate, the extended UNIQUAC model is in general recommended for ammonia concentrations below 30 wt%. The NH 3 -CO 2 -H 2 O mixture shows great potential for certain CRHP cycles with wet compression; both the COP can increase as well as the pressure levels and pressure ratio can become more favourable. The benefits of the NH 3 -CO 2 -H 2 O mixture for CRHP will depend on each application case. For the heating case discussed in this study a COP increase of approximately 5% can be attained compared to a cycle operating with only ammonia water without any risk of solid formation. When there are additionally practical pressure restrictions the benefits can become even higher for this application case or around 25% increase in the COP. When the heat pump must also deliver low temperature heat, the benefit of added CO 2 appear to become insignificant. Experiments will be conducted in the near future to further validate the benefits of the NH 3 -CO 2 -H 2 O mixture for CRHP. The experiments will additionally aim to test a prototype compressor that can perform wet compression since a commercial solution is not available at this point. 
